T he olive tree, olive fruit and olive oil have been at the core of Mediterranean agriculture and trade since early cultivation times, providing sustenance to various cultures and civilizations of the Mediterranean Basin. Over the last few decades, olive (Olea europaea) cultivation has undergone important technological changes, which have involved a reduction in the number of olive oil varieties used, and an increase in the density of new plantations that is linked to improvements in harvesting machinery and irrigation systems.
In the early 1990s, a new design and management strategy for olive orchards, the super-high-density hedgerow system, appeared in Catalonia (northeast Spain). Later it was introduced into other Spanish regions and other countries. Clonal selections of local varieties were planted in new olive orchards with tree densities ranging from 600 to 1,000 trees per acre (1,500 to 2,500 per hectare) to test the suitability of the plants to mechanization and the production of high-quality, extra-virgin olive oil. Traditional olive orchards have 80 to 200 trees per acre (200 to 500 per hectare).
Just a few olive varieties have been compared for their adaptability to high-density plantings and continuous mechanical harvest. Our program at the Institut de Recerca i Tecnologia Agroalimentaria (IRTA) screened three old Mediterranean olive varieties -'Arbequina' and 'Arbosana' from Catalonia and 'Koroneiki' from Crete (Greece) -to identify those with outstanding characteristics such as compact growth habits, low-medium vigor, early maturity and excellent oil quality (Tous et al. 2003) . Agronomical evaluations in Spain and other countries have shown that these IRTA clones are precocious (bearing their fi rst crop at an earlier age than standard cultivars), achieve higher yields earlier after planting and produce extra-virgin oil of excellent quality.
California olive orchards
Olives were introduced in California by the Catalan Franciscan fathers, who planted olive trees in gardens adjacent to their missions. Their olives and oil were appreciated not only as food but also as an element in liturgical celebrations.
Today, the predominant table olive industry in California is supported by classic cultivars introduced for their suitability to traditional and intensive table olive orchard systems (Tous and Ferguson 1997; Vossen 2007 We describe the performance and limitations of these olive oil clones in comparative fi eld trials performed in an irrigated, super-high-density system in Catalonia, which supports their adoption in modern orchards. We also contribute additional information to help defi ne the suitable orchard design and management of super-high-density plantings in California.
Horticultural characteristics
The clone 'Arquebina i-18' was obtained in 1997 in a program to identify and select outstanding individuals of 'Arbequina', the most important cultivar in Catalonia (160,000 acres [65,000 hectares]) from traditional orchards located in the PDOs (protected designations of origin) of Les Garrigues and Siurana in northeast Spain. 'Arbosana i-43' was selected in 1987 from surveys of the 'Arbosana' cultivar in the Alt Penedès region in Catalonia. The clone 'Koroneiki i-38' was selected in 1990 from trees of this Greek variety at the Mas de Bover research station. Morphological descriptions of the tree, leaf, fruit and endocarp for these cultivar clones have been published (Tous et al. 1999; Tous and Romero 2000, 2002) .
Crop performance
The fi rst comparative fi eld trial with these clones in super-high-density hedgerow orchards was planted in (table 2) . In Tarragona, the highest cumulative yields were measured for 'Arbequina i-18' (31,875 pounds per acre) followed by 'Arbosana i-43' (26,470 pounds per acre) and 'Koroneiki i-38' (22,361 pounds per acre). In a similar trial in Cordoba (Andalusia, southern Spain), 'Arbequina i-18', 'Arbosana i-43' and 'Koroneiki i-38' showed higher mean harvest yields (3 to 6 years after planting) than other varieties tested (data not shown) (León et al. 2006) ; in this southern location 'Koroneiki i-38' was the most precocious (table 2) . During the first years of both trials, the influence of environment on precocity and average crops achieved was larger in Cordoba due to the higher vegetative tree growth in this province.
The mean harvest of super-highdensity cultivars in Tarragona was 4,397 pounds per acre (3rd year), 4,205 pounds per acre (4th year; frost on trees affected productivity), 10,344 pounds per acre (5th year) and 7,291 pounds per acre (6th year), all similar to harvests obtained in other high-density orchards in Spain. The high yields observed in early years of the Spanish trials and commercial orchards are not sustainable. Under the favorable growing conditions that foster vigorous tree growth, a reduction in potential production occurs in the 6th to 8th years, with averages of 7,138 to 8,030 pounds per acre, usually due to shade and limited ventilation in the tree canopies (Tous et al. 2010) . The yields of 7-to 10-year-old orchards are more variable and depend on management of the canopy volume, which should not exceed 143,000 to 171,500 cubic feet per acre to facilitate movement of the over-the-row harvesters.
Vigor. We observed the lowest tree vigor (trunk cross-section, canopy volume and sucker emission) in 'Arbosana i-43' and 'Arbequina i-18' (table 3) . 'Koroneiki i-38' is notorious for being more vigorous and producing more suckers than the other cultivars. The yield efficiency of each varietal clone was measured to determine the balance between productive and vegetative activity during the early bearing phase. The highest index scores were observed in 'Arbequina i-18' and 'Arbosana i-43' (0.12 pound per cubic foot), followed by 'Koroneiki i-38' (0.07 pound per cubic foot). 'Koroneiki i-38' showed a higher tendency to vegetative growth, and the crop was irregular among trees during the first years of the trial.
Mechanical harvest. Several intrinsic varietal characteristics, such as growth habit and canopy width, influence the efficiency of fruit removal during mechanical harvest. Our selections display two growth habit categories: semi-erect ('Arbequina i-18') and open canopy ('Arbosana i-43' and 'Koroneiki i-38'). Straddle machines or grape harvesters perform better than trunk shakers for these cultivars. More than 90% of the fruit was removed in all cultivars, independent of their size, position in the canopy and maturation index. By contrast, the efficiency of trunk-shaking harvesters is clearly influenced by growth habit (Pastor et al. 1998) , and yield is improved with an erect or semierect tree shape, large fruits and low fruit removal force.
Disease. 'Arbequina i-18' is more sensitive than the other selections to olive leaf spot (Spilocaea oleagina) when planted in coastal environments and humid valleys. 'Arbequina i-18' is more tolerant than the other two cultivars to frost, while 'Koroneiki i-38' is the most sensitive. As the newly planted super-high-density orchards in California enter their optimal olive oil production phase, it will be interesting to compare and follow experiences and observations with other regions.
Harvest time. Gradual fruit ripening and maturation is commonly observed in the three cultivars, although this parameter is highly influenced by tree fruit load and seasonal conditions as well as geographical location. Optimal harvest time is different for each of the cultivars: 'Arbequina i-18' is optimal in Catalonia from mid-November to midDecember, 'Koroneiki i-38' matures in late December and 'Arbosana i-43' in mid-January.
Fruit and oil characteristics. 'Arbequina i-18' produced larger fruits than the other two cultivars (table 4) . The pulp/stone ratio was higher for 'Arbosana i-43' and 'Arbequina i-18', followed by 'Koroneiki i-38'. Fruit water content ranged between 56.0% in 'Koroneiki i-38' and 61.1% in 'Arbosana i-43'. Oil content expressed as percentage of dry weight was higher in 'Arbequina i-18' (54.4%), followed by 'Koroneiki i-38' (52.4%) and 'Arbosana i-43' (50.7%).
The three clonal selections produced extra-virgin olive oil of excellent quality. The fatty acid composition of 'Arbequina i-18' and 'Arbosana i-43' oils was similar (table 5) . 'Koroneiki i-38' oil is characterized by a higher content of oleic acid (more than 76%) at the expense of palmitic and linoleic acid, which contribute to longer shelf life. 'Arbosana i-43' and 'Koroneiki i-38' oils were consistently richer in polyphenols than 'Arbequina i-18'. When compared at the organoleptic sensory level ( fig. 1) , 'Arbequina i-18' oil was the most balanced of the three, with a medium fruity intensity, balanced in the palate and an outstanding sweetness. 'Koroneiki i-38' produced the most fruity, green, bitter and pungent oil of the three, and 'Arbosana i-43' oils had an intermediate palate profile. Oil composition and flavor change as the olive fruit develops. The distinctive and contrasting sensory attributes of the extravirgin oils from each varietal allows for unique blends with a wide range of interesting sensory characteristics.
Field observations
Initial observations from the Mas de Bover cultivar trials and orchard design evaluations, initiated in the 1980s, have been validated by the worldwide adoption of IRTA's clonal selections. The three initial selections described here have been planted in new high-density (121 to 242 trees per acre) and superhigh-density (over 600 trees per acre) olive tree orchards around the world, and most recently California.
The most consistent plant characteristics and performance, as observed in super-high-density orchards around the world, can be summarized as follows:
'Arbequina i-18'. This highly productive variety is early bearing with little alternating bearing. It is considered frost resistant and adaptable to different climatic and soil conditions, and is adaptable to high-density and superhigh-density hedgerow orchards. Its semi-erect growth habit facilitates its training on a central leader. It produces medium-fruited extra-virgin oil that is balanced in the mouth; the sweet attribute is outstanding and easily appreciated by new consumers. Its commercialization can be monovarietal or blended with other oils.
'Arbosana i-43'. This is an earlybearing cultivar with high productivity. Koroneiki i-38 0.90 ± 0.14 3.44 ± 0.84 22.9 ± 0.8 56.0 ± 2.3 52.4 ± 3.4
* Mean values ± standard error (SE).
Fig. 1. Sensorial profiles of olive oils from three IRTA clones: (A) 'Arbequina i-18', (B) 'Arbosana i-43' and (C) 'Koroneiki i-38'.
The green polygon represents the intensity of each taste attribute scored on a 10-point scale. Due to its low vigor, it adapts well to hedgerow systems for olive growing. Sensitive to frost, its fruit is small and ripens several weeks later than 'Arbequina'. It produces intense, greenfruited virgin oil with high levels of bitterness, spiciness and astringency. Due to its higher polyphenol content, it is particularly interesting for blending and to stabilize and prolong the shelf life (time to rancidity) of the milder 'Arbequina' oil.
'Koroneiki i-38'. This is a productive and early-bearing cultivar. It is considered drought resistant but frost sensitive, and well suited to hot growing areas. It is tolerant to olive leaf spot and has very small fruit, which ripen after 'Arbequina' but before 'Arbosana'. It produces quite-stable extra-virgin oils, rich in oleic acid and polyphenols, with intense green color and bitterness, and a long shelf-life.
Olive tree breeding program
Scientists at IRTA's Mas de Bover research station are evaluating additional clonal materials and old orchards of olive varieties, and prioritizing the search for varietal characteristics that can improve productivity, a low vigor/compact growth habit, disease resistance and extra-virgin olive oil with high levels of antioxidants. IRTA recently initiated a project to catalogue a collection of ancient trees (estimated 500 to 700 years old) in local orchards around northeast Spain that contain individual trees of unclear varietal origin, as potential sources of novel germplasm to produce olives of improved agronomic performance and desirable olive oil sensory attributes.
As the newly planted super-highdensity orchards in California enter their optimal olive oil production phase, it will be interesting to compare experiences and observations with other regions in terms of economic viability, orchard management and sustainability, natural resource utilization and extra-virgin oil qualities. Olive cultivars fi eld-tested in super-high-density system in southern Italy (1991) (1992) to 3.5 million tons (2005) (2006) , due to increases in the consumption of healthier foods in many countries, including the United States. The market outlook for extra-virgin olive oil is very good, and many countries are actively increasing their olive acreages, particularly in North Africa, the Middle East, South America, Australia and the United States (Godini 2010) .
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The Mediterranean's traditional olive industry is based on production systems that are hundreds of years old and characterized by low yields and high production costs. The European Union subsidy system, which has helped European olive farmers to stay in business, will end in 2014. Moreover, the application of a "free exchange" area in 2010 will legalize the importation of lower-cost extra-virgin olive oils from the southern Mediterranean Basin into Europe (Godini 2010) . Year after year, the profi tability of Italy's traditional olive culture becomes increasingly doubtful, notwithstanding the worldwide renown of so-called "Made in Italy" extra-virgin olive oil (Godini and Bellomo 2002) .
California production of extra-virgin olive oil is reportedly about 2% of total U.S. consumption, with the rest imported mainly from Italy and Spain. In recent years, California has started increasing its oil olive acreage. California olive growers have planted more than 22,000 acres since 1999, about 12,000 acres of which is in the super-highdensity olive system, with tree densities of 676 per acre or more. This system allows for mechanical planting and harvesting of olives, reducing labor costs.
We believe that super-high-density olive culture can help to assure profi tability for both European and U.S. olive growers in the coming decades. This model, born in Spain at the end of the 20th century, has resulted in noticeable increases in yield per acre. Up until now, super-high-density olive culture has utilized a limited number of cultivars, primarily 'Arbequina', 'Arbosana' and 'Koroneiki', which possess suitable features such as a semidwarf habit, early bearing (fi rst production at the second-to-third year after planting), consistent initial crops (more than 2.2 pounds per plant), crop stabilization between 5 and 6 years, and fruit that is impact-resistant and has good oil quality (Godini and Bellomo 2002) .
The results that we present here are preliminary. Considering that Italy's Mediterranean climate is similar to California's, we believe that soil and climate differences should have little infl uence on the applicability of these fi ndings to California.
Experimental orchard
In summer 2006, we established a new experimental orchard at Valenzano, near Bari, in the experimental farm of the Dipartimento di Scienze delle Produzioni Vegetali at University Aldo Moro of Bari, Italy. In addition to standard clones of 'Arbequina', 'Arbosana' and 'Koroneiki', two additional cultivars were introduced: 'Coratina', the most popular Apulian olive oil cultivar, and 'Urano', a new Italian cultivar considered by our research group to be well-suited for super-high-density olive culture.
The olive trees were propagated in commercial nurseries by softwood cutting, and the experimental orchard was established according to the super-highdensity planting scheme (676 plant per acre, with a tree spacing of 157.5 inches by 59 inches) and a north-south row orientation. The trees were trained to central leaders. Drip irrigation was supplied to each tree every 3 days between late spring and late summer, increasing from 423 cubic yards per acre annually in 2006, to 476 in 2007, to 794 in 2008 and 2009 . Harvesting was performed on Nov. 20 in 2008 and 2009 , in the third and fourth years after planting, respectively, using the Pellenc Activ' 4560 harvesting machine.
Cultivar performance
Vegetation. In December 2009, the average tree height had reached 107 inches, 5.3 times the initial growth of the previous year, with a maximum of 7.6 times more growth for 'Arbequina' and a minimum of 2.2 times more for 'Urano' (table 1). Only the crown width of 'Coratina' exceeded 79 inches by Super-high-density hedgerow planting systems for olives employ over-the-row harvesters (shown, in California).
December 2009, exceeding the harvester tunnel size and requiring pruning intervention to control its transverse canopy growth. Annual yields. The average annual yield in the third year was 7.7 pounds per tree, equivalent to 2.3 tons per acre; only 'Urano' exhibited a surprisingly high yield of 3.7 tons per acre (table 2). In the fourth year, the average crop yield was 11 pounds per tree or 3.3 tons per acre (up 40% from 2008), and it was more variable among cultivars. 'Koroneiki', 'Arbosana' and 'Arbequina' followed by 'Coratina' gave satisfactory yield (between 13.7 and 11.3 pounds per tree or 4.1 and 3.4 tons per acre). The yield for 'Urano' dropped to 4.9 pounds per tree or 1.5 tons per acre, perhaps due to heavy cropping in the previous year.
Cumulative yields and oil. We also compared cumulative yields over the first 4 years of the trial. 'Koroneiki' showed the highest cumulative yield (41.3 tons per acre), and 'Urano' was relatively less productive (31.6 tons per acre) (table 2). The peculiar behavior of 'Urano' requires further investigation. Considering its average overall oil content of about 17.0%, 'Koroneiki' was the most productive cultivar with 6.9 tons per acre of oil over 4 years. The other cultivars exhibited similar cumulative oil production.
Harvesting efficiency, fruit and shoot damage. Harvesting efficiency was satisfactory on the whole (93.1%), notwithstanding differences among cultivars (table 3) . 'Arbequina', 'Coratina' and 'Urano' had the highest harvest efficiency; 'Arbosana' and 'Koroneiki' were less satisfactory. But these differences were due to the fruit-ripening stages reached by each cultivar at the harvesting date: mature for 'Arbequina', 'Coratina' and 'Urano', but immature 'Arbosana' and 'Koroneiki'.
No damaged fruits were reported for 'Arbequina', 'Arbosana' and 'Koroneiki', whereas 'Coratina' and 'Urano' exhibited very low percentages of damaged fruit.
The average percentage of shoots damaged per tree by the harvesting machine beaters was insignificant at less than 1.0%. Of these damaged shoots, young and thin current-year shoots incurred the most damage (80.0%), perhaps because they were more exposed. The percentage of damaged shoots up to 1 inch in diameter was 14.3%, and to shoots thicker than 1 inch was 5.7%. Only 'Coratina' and 'Urano' exhibited a significant percentage of broken shoots or branches thicker than 1 inch: 'Coratina' because of its spreading habit between rows, and 'Urano' because of its spreading habit and thick, bending branches.
High density, high yields
The present data confirms and improves upon results obtained in previous experimental trials (Camposeo and Godini 2010) . In terms of early bearing and yield consistency, all the tested cultivars performed satisfactorily. And in sensory evaluations, the resulting extravirgin oils had sweet typology and were well-balanced, highly fruity and ready to use ).
We know that higher yields have been recorded elsewhere with superhigh-density olive culture; however, we consider annual yields of about 17.5 tons per acre of fruit to be satisfactory. In fact, this value, equivalent to a yield of only about 9.4 pounds per tree, would be helpful in avoiding alternate bearing and subsequent problems that could cause conflicts between vegetative growth and cropping consistency. Tree size can be controlled by pruning when they grow larger than the size of the harvester head. Our data indicates that the noted yield limit was reached by at least four out of five cultivars in just the 4th year after planting. 
